Abstract-We propose a coordination scheme to minimize the interference between users in a cellular network with fullduplex base stations and half-duplex user devices. Our scheme exploits signal attenuation from obstacles between the users by (i) extracting spatially isolated regions from a radio map and (ii) assigning simultaneous co-channel uplink and downlink transmissions to users in these regions such that inter-user interference is minimized. While adding low computational complexity and insignificant signaling overhead to existing deployments, evaluating our solution with real coverage data shows impressive gains compared to conventional half-duplex and full-duplex operation.
I. INTRODUCTION
Base stations can considerably increase spectral efficiency by enabling simultaneous uplink and downlink transmission within the entire frequency band [1] . Such in-band full-duplex operation avoids the orthogonal use of channel resources and can, thus, increase capacity. A main problem of such operation, however, is the interference between the simultaneous cochannel uplink and downlink transmissions of neighboring users. In this paper, we introduce an interference coordination scheme that minimizes such inter-user interference by exploiting the signal attenuation due to obstacles between the users. This attenuation is extracted from geographical context information, provided by radio maps [2, 3, 4] and user positions.
A. Idea and Contributions
To minimize the interference between full duplex users, the proposed coordination scheme exploits electromagnetic isolation. Even neighboring users may be separated by buildings or other obstacles, which leads to a high attenuation of the direct path between them. Our coordination scheme detects the spatial isolation, provided by such attenuators, and assigns uplink and downlink transmission such that inter-user interference is minimized.
To do so, our scheme (i) extracts spatially isolated areas from a radio map, (ii) estimates the attenuation between these areas, and (iii) solves an assignment problem to minimize the interference between users located in these areas. Our simulation results verify the effectiveness of our solution and show high gains in spectral efficiency, compared to baseline halfduplex operation and full-duplex with random coordination. For the operating network, these gains come only at the cost of obtaining the users' positions which is either already supported or introduces low signaling overhead [5] . Since the radio maps can be processed offline, the only significant online operation corresponds to an assignment problem.
B. Related Work
There is a plethora of methods to reduce interference in cellular networks. Almost Blank Subframe (ABS) [6] use orthogonal resource allocation patterns to reduce the interference at the cell edge. Although practical and widely adopted in cellular networks, these schemes require additional signaling to coordinate the ABS patterns and, above all, reduce spectral efficiency by introducing orthogonal transmission in time. An alternative like Fractional Frequency Reuse (FFR) [7] reduces spectral efficiency of the system because of the orthogonal frequency allocation for neighboring users, which increases the distance between co-channel users. This prevents the use of full-duplex in the center of the cell. Power control [8] can reduce the interference from uplink or downlink users but decreases the received power and, thus, spectral efficiency.
Although Interference Alignment (IA) [9, 10] does not reduce the spectral efficiency, it requires accurate Channel State Information (CSI) between communicating and interfering users. Such CSI comes at the cost of high signaling overhead. Since interference alignment operates on a number of time slots that depends on the CSI, it also adds a nondeterministic transmission delay. Further solutions require multiple antennas at the user equipment (UE) [9] . As ABS and FFR, such approaches use the channel's degrees of freedom for interference compensation instead of data transmission and, thus, reduce spectral efficiency. Other solutions make use of additional bandwidth to establish a side channel between interfering users [11] . With limited bandwidth this means, again, a reduction of spectral efficiency.
In summary, the above alternatives either reduce spectral efficiency of the wireless link by introducing orthogonality or requiring further resources or come at the cost of high signaling overhead and significant delay. During operation, our interference-coordination scheme adds only insignificant overhead to existing cellular networks in order to obtain the users' positions. Moreover, our scheme does not decrease spectral efficiency, adds no transmission delay and can be applied in the cell center.
C. Structure
Section II of this paper presents the proposed interferencecoordination scheme. After introducing system model and parametrization, Section III studies our scheme's performance in a simple scenario based on real and simulated propagation measurements. Finally, Section IV concludes the paper. (c) Indoor scenario. Access point in the corridor and users separated by walls. Fig. 1 : Example scenarios where spatially separated areas can be exploited for interference coordination. The interference created by an uplink user UE 1 in region A to a downlink user UE 2 in region B is attenuated by obstructions like buildings and walls.
II. INTER-USER INTERFERENCE COORDINATION BASED ON GEOGRAPHICAL CONTEXT
In this section, we propose a framework for inter-user interference coordination tailored for full-duplex operation and based on geographical context information. First, we introduce a metric to characterize the attenuation between geographical regions. We name this metric the mitigation factor α. Second, we present a method to identify spatially isolated regions, to compute α between them, and to store the result in a database. Third, we explain how to use this database to identify spatially isolated users and to perform interference coordination for a full-duplex base station.
A. Mitigation Factor
Inter-user interference mitigation can be achieved by exploiting the location of obstructions that attenuate the wireless signal. Examples of such obstructions and their effect on interuser interference are shown in Fig. 1 . In Fig. 1a and Fig. 1b , the inter-user interference that user UE 1 generates to user UE 2 is attenuated by a building that is located between the two users. In Fig. 1c , the inter-user interference between UE 1 and UE 2 is attenuated by the walls between the users. Let us define the regions A and B that are separated by such an attenuator, as illustrated in Fig. 1 . We characterize the interference attenuation between different regions as the mitigation factor α. This factor indicates the minimum level of signal attenuation between regions A and B. Formally defined: For any user UE 1 ∈ A and any user UE 2 ∈ B, the interuser interference mitigation between UE 1 and UE 2 is greater than α dB. Hence, for a given pair of regions A and B, the mitigation factor α between these two regions indicates that the attenuation of a signal transmitted from A and received at B is at least α dB.
B. Creating a Database for Spatial Isolation
We use spatially isolated regions to assign co-channel uplink and downlink users. Let us now describe the extraction of these regions and the calculation of the mitigation factor α in detail. The result of this procedure, which is performed offline on a potentially large radio map, is then saved in a database. Then, this database is used for the interference coordination scheme, operating in real time. While obstructions can also by identified from street maps and building plans, in this paper only radio maps, on which areas of strong attenuation can be identified, are required. Note that constructing radio maps is out of the scope of this paper, but many studies such as [2, 3, 4] deal with this topic.
STEP 2. Identify spatially isolated regions around an obstruction.
Spatially isolated regions are geographical areas with high signal attenuation between them. Fig. 2c illustrates the process of identifying the spatially isolated regions A and B. Once the path loss within a region exceeds a threshold, the region can be specified as an area within d meters away from the obstruction boundary. The segmentation of a radio map into such regions can be performed by image processing techniques such as [12] .
STEP 3. Mitigation factor α between regions is computed.
To compute the signal attenuation μ(p a , p b ) between any position p a in A and any position p b in B, one of the following methods can be used: (i) a path loss model (ii) using ray tracing (iii) measures of area as given in a radio map (iv) measures at dedicated positions, e.g., from drive tests. Let M be the set containing all the computed values of μ(p a , p b ) for A and B. The mitigation factor α between A and B is equal to min M μ(p a , p b ). Notice that the larger the set M, the higher resolution one will have for the attenuation between regions A and B. If there is a pair of points p a and p b for which μ(p a , p b ) is less than a predefined threshold value, then one can go back to STEP 2 and redefine the region boundaries.
STEP 4. Storing spatial isolated regions in a database.
If the mitigation factor α computed in STEP 3 satisfies a predefined threshold condition then the value of α and the corresponding region localization are stored in a database. There may be multiple pairs of spatially isolated regions around an obstruction and more than one obstruction in a given area. To organize this information, we use a database in the form of pairs of regions and their corresponding mitigation factor. The k-th entry in the database corresponds to the kth pair of spatially isolated regions and the entry is a triplet that has (1) the mitigation factor α k between the regions A k and B k (2) the positions of the boundaries that delimit region A k and (3) the positions of the boundaries that delimit region B k . The database can be stored either at the base station or a central controller in the core network. (d) Now uplink and downlink transmissions can be assigned to users within A and B such that inter-user interference is minimized. Fig. 2 : Using a radio map from [2] for the identification of spatially isolated regions that enable the proposed inter-user interference mitigation. Note that the step in Fig. 2b is not part of the procedure and only added for the sake of explanation.
C. Interference coordination scheme: Problem statement
Let us now describe how the database with the mitigation factors is used by the network to coordinate the uplink and downlink transmission such that inter-user interference is minimized.
First, the Base Station (BS) has to obtain the positions of the active users with outstanding scheduling grants. These positions can often be obtained from an existing localization service in the cellular network [5] . Based on their positions, the users attached to a base station are separated into two sets: the set that belongs to the spatial isolated regions and the set of users outside these regions. Transmissions of users in the second set are allocated by the conventional BS scheduler. However, users in the first set are handled first by our interference coordination scheme.
The idea of this scheme is illustrated in Fig. 2d and we can formulate this allocation of uplink and downlink transmissions as the following assignment problem between the set of transmissions (including both uplink and downlink) and the set of available resources (frequency resources per transmission time interval in our case).
Therein, c u,f corresponds to the cost measure for a user u using frequency resource f , |U | is the total number of users to schedule and |F | is the total available frequencies. x u,f is the assignment variable that equals to 1 if user u is assigned frequency f and 0 in the contrary.
The constraint (5) requires that a user, either in uplink or downlink, is assigned only one frequency, while the constraints (2)-(4) state that only two users can be assigned to one frequency. This represents full-duplex operation and uses odd numbers of u to refer to users in downlink operation while an even u refers to the users in uplink. This notation avoids the use of a third dimension and, thus, allows to apply bipartite matching algorithms. A common method to find optimal bipartite matches is the Hungarian algorithm, which has the computational complexity of O(|U | 3 ) [13] . Note that this is typically much faster than solving (1)- (5) by Binary Integer Programming, which is NP-hard.
In the objective formulation (1), the cost measure
is defined as the inverse of the rate experienced by the user u when communicating on frequency resource f . The rate r is a function of the Signal-to-Interference-plus-Noise Ratio (SINR), which is composed of the received signal power S u for user u, the noise power N u that affects user u's signal, and the interference power I v→u,f at user u due to the transmission of user v on frequency f . Exact real-time knowledge of I v→u,f is prohibitively complex. Thus, we use the knowledge of the regions and the users' positions to compute an approximation of I v→u,f as:
where P v is user v's transmission power in dBm, p v,u is the path loss between user v and user u and 1 F Dreg is an indicator function that equals to 1 if the users v and u are spatially isolated users and equals to 0 otherwise. Since the position of the users is known, the path loss p v,u between two users v and u can be approximated via mathematical models [14, 15] .
Notice that constraints (2)-(4) implicitly assume that (i) the number of DL users to schedule is equal to the number of UL users to schedule and (ii) the number of available frequency resources |F | is at least |U |/2. These assumptions allow for a simplified problem statement but can be modified in future work to consider a more general case.
D. Interference coordination scheme: Assignment heuristics
For a large amount of users, the Hungarian algorithm, although optimal, may not be computational efficient [13] .
Hence, we propose two heuristics to approximate the solution of the assignment problem described in the previous section. These two heuristics, which we label as FDregrand and FDregHDelse, are explained below.
1) FDregrand:
The BS uses FD in all available frequency resources. The BS first assigns frequencies to users that are in the identified pairs of spatially isolated regions. Then, users outside the regions are assigned frequencies randomly. The pseudocode for FDregrand is shown in Algorithm 1.
2) FDregHDelse:
The BS uses FD only in a subset of available frequency resources. The pairs of isolated regions are used to decide which users to serve in FD UL-DL. Whereas, users outside these regions are served in HD UL-DL with a random frequency assignment. The pseudocode for FDregHDelse procedure is shown in Algorithm 1.
III. PERFORMANCE EVALUATION
Let us now study interference and spectral efficiency in a simple scenario based on real and simulated measurements.
A. System Model and Parametrization
We assume a single BS, which can operate in half-duplex or full-duplex mode. In the latter case, we assume perfect self-interference cancellation at the BS. Users are randomly distributed over the complete radio map and their UEs operate in half-duplex, each using a single antenna.
To create the database for spatial isolation according to Section II-B, we use real-world measurements from [2] . In particular, we focus on the path loss towards the strongest serving BS and isolate a specific area in this radio map for clear representation. This area is shown in Fig. 2 and further parameters of the radio map are given in Table I .
In this area, we identify the two obstructions O1 and O2 resulting in the spatially isolated regions in Fig. 3a and Fig. 3b . Over both obstructions, 8 pairs of spatial isolated regions are identified where any of these pairs is fully specified by (A k , B k ) with the set of boundary coordinates A and B and index k = 1, . . . , 8.
Path loss between BS and UEs is available from the radio map but path loss between two arbitrary UEs i and j is not included. We, thus, compute this path loss, p i,j , from 3GPP-compliant path loss models [14, 15] that depend on the inter-user distance d i,j and carrier frequency f i,j as shown in Table I . For the case where users i and j belong to an identified pair k of spatially isolated regions (UE i ∈ A k and UE j ∈ B k ) then we calculate the inter-user path loss as max {α k , p i,j }. The constant α k reflects the attenuation between the k-th pair of spatially isolated regions and is estimated to be α k = 140 dB for all k. We justify this choice by the large size of obstructions O1 and O2 (each at least 100 m per edge) and the considerable number of walls within these buildings. This leads to a high attenuation of traversing radio signals. Table I summarizes the main simulation parameters and propagation models.
Algorithm 1 Proposed full duplex operation
Set of users U . Set of available frequencies resources F . Output: x u,f , ∀u ∈ U and ∀f ∈ F . Initialize: x u,f = 0 ∀u, ∀f .
Initialize frequency resource counter: f = 0.
Step 1: Scheduling of users inside regions.
Find UL users in region B k :
Update frequency resource initial index:
-Assign full-duplex mode: assign frequency resource f to a DL user and an UL user,
Find DL users in region B k :
Step 2: Scheduling of users outside regions and users inside regions that were not scheduled in Step 1. 
B. Simulated Schemes
We compare four different schemes in order to study the performance of our proposed inter-user interference coordination method.
1-Baseline, half-duplex operation (HD):
In this configuration, the BS performs conventional Frequency Division Duplex (FDD) operation with frequency band f 1 used for uplink (UL) and frequency band f 2 for downlink (DL) as shown in Fig. 4a . Inter-user interference does not occur since the users are assigned to orthogonal frequency resources. Equally for the 200 DL and 200 UL users, we assume 400 kHz of bandwidth per user, leading to 80 MHz for DL and UL, respectively and to 160 MHz in total. Frequencies are assigned randomly. 2-Baseline, full-duplex operation (FDrand): The BS performs full-duplex (FD) mode in all available frequencies with a random assignment for attached UL and DL users. Since the UL and DL users share same frequencies, the total bandwidth used is 80 MHz as shown in Fig. 4b . tion II-D. The total bandwidth used is 80 MHz as shown in Fig. 4b . Notice that this total bandwidth is equal to the FDrand scheme. The only difference between the two schemes is the way the frequencies are assigned.
4-Proposed hybrid duplex operation (FDregHDelse):
The BS uses the FDregHDelse assignment heuristic explained in Section II-D. With such a scheme, the total bandwidth used will be greater than 80 MHz but less than 160 MHz. A possible realization of 120 MHz bandwidth is illustrated in Fig. 4c .
C. Simulation Results

1) Inter-User Interference Mitigation:
We first focus on analyzing how our proposed method reduces the inter-user interference. Recall that the noise floor of the system is set at -100 dBm. Hence, when the inter-user interference increases beyond -100 dBm, then the interference experienced by the DL user becomes larger than the noise floor and the performance degradation is dominated by interference. From Fig. 5 , we observe that for the FDrand scheme, the probability that UE-UE interference is larger than -100 dBm is 44%. For the FDregrand scheme, this probability is 22%. Hence, our proposed method substantially reduces the number of links that are dominated by inter-user interference. Specifically, using the regions with the FDregrand scheme mitigates the inter-user interference such that the probability of interference dominating over the noise floor decreases by 50% compared to the reference FDrand scheme. Note that this decrease will be even more significant for lower noise floor. In addition, we notice a jump of the FDregrand CDF at −120 dB. Recall that in our simulations the value of α = 140 dB and the UEs transmit at 20 dBm. Hence, for FD links with users in the identified regions, the inter-user interference will be at most −120 dBm. Many users in the regions experience this value of interference since the path loss between users in the regions is max{140, p i,j } dB. Hence, the fact that several users experience this level of interference results in this jump. The fact that the jump at −120 dBm is almost not present in the FDrand results shows that a random assignment is not capable of harnessing the spatial isolation provided by the geographical context. Notice that the FDregrand scheme took advantage of the spatially isolated regions such that there is approximately a 50% probability that the inter-user interference is less than or equal to −120 dBm. In contrast, for the FDrand scheme, this probability is only about 5%.
2) Spectral Efficiency: In Fig. 6a and Fig. 6b we compare the spectral efficiency of the FDrand and FDregrand schemes. Both schemes have the same UL performance so we focus our comparison on the DL. We consider BS transmitted power of 20 dBm (Pico cell) and 46 dBm (Macro cell). The results in Fig. 6b reflect only the users in the cell center. Here, only DL users and co-channel UL users within a 300 m radius from the BS are considered.
In Fig. 6a and Fig. 6b , we observe that the FDregrand has higher spectral efficiency than the FDrand scheme. The gain obtained across the entire cell is modest. From Fig. 6a , we compute this gain to be 6% for a BS transmit power of 46 dBm and 13% for a BS transmit power of 20 dBm. In contrast, the gain is more significant if we observe only cell center links. From Fig. 6b , we compute that the gain is 22% for a BS transmit power of 46 dBm and 55% for a BS transmit power of 20 dBm. This significant increase in gain for cell center users results from the fact that the closer users are to the BS, the more full-duplex communication suffers from inter-user interference. Also, the closer UL and DL users are to the base station, the more likely it is that they are close to each other and, thus, generating high inter-user interference power among themselves. The FDregrand scheme uses the spatially isolated regions to carefully choose which UL-DL users can share the same frequency band and this results in an effective decrease of the inter-user interference experienced at the cell center. Here, enabling full-duplex is of particular interest due to the small average proximity of the users to the BS, which is a favorable condition for full-duplex operation since it can simplify the implementation of self-interference cancellation [1] . However, cell-center full-duplex operation also results small average proximity between users and high loss in spectral efficiency from inter-user interference. The results in Fig. 6b show that our proposed scheme can effectively reduce this interference in order to achieve 55% improvement over a scheme that does not exploit the spatially isolated regions.
3) Comparison with Half-Duplex:
The results in Figs. 7a and 7b compare the performance of half-duplex against the performance of the hybrid-duplex scheme that we labeled FDregHDelse and against the performance of the FDregrand scheme. We observe that the use of full-duplex and the spatially isolated regions improves the spectral efficiency over the performance of HD. The results in Fig. 7a are for a BS transmit power of 20 dBm and the results in Fig. 7b are for a BS transmit power of 46 dBm. An observation of the medians shows that for both transmission powers, the hybrid scheme achieves 34% gain over HD. Also, for both cases, the FDregrand scheme further improves to achieve between 89% and 92% gain over HD.
IV. CONCLUSIONS
We described in this paper a new inter-user interference coordination scheme in cellular networks with full-duplex. Our scheme assigns simultaneous uplink and downlink transmissions to users in areas that are separated by large obstacles. The attenuation from such obstacles, isolates the simultaneous transmissions from each other and, thus, allows to minimize interference. The proposed assignment scheme adds only low computational complexity and signaling overhead to the Radio Access Network (RAN), while segmenting radio maps into spatial isolated areas can be performed offline, in arbitrary data centers.
The initial performance results of this approach are impressive. For small and large cells, outstanding spectral efficiency gains can be shown that are clearly due to the reduction of inter-user interference. Especially in the cell center -where inter-user interference dominates over path loss -very high increases in spectral efficiency are provided. We conclude that the described inter-user interference coordination scheme is a promising example of exploiting geographical context information in RAN. The outstanding gains, the low computational complexity, and the increasing availability of radio maps and user positions, make this approach a promising candidate to support full-duplex in future RAN generations.
